Purpose: There are many phase I trials of oncology drug combinations, very few of which report clinically significant pharmacokinetic interactions. We hypothesized that the utility of such pharmacokinetic drugdrug interaction (DDI) studies is low in the absence of a mechanistic hypothesis.
Introduction
A drug-drug interaction (DDI) refers to the changes in response (increase or decrease) to an investigational drug due to the addition of another drug (1) . Approximately 20% to 30% of all adverse reactions are caused by DDIs (2) . DDIs in oncology may be anticipated because of the common use of multidrug regimens (3) . Antineoplastics generally have narrow therapeutic windows, steep dose-toxicity profiles, and high interindividual (and potentially intraindividual) variability in pharmacokinetics and pharmacodynamics, all increasing the risk of a DDI. In addition, most patients with cancer are elderly, which is another risk factor for DDIs (4) . Finally, the development of new drug combinations has also led to an increase in the possibility for interactions (5) . Thus, the potential for DDIs should be considered during the preclinical and early clinical development phase of a new anticancer agent, especially if both drugs are orally administered (given the potential for a DDI in the gut wall).
Pharmacokinetic interactions (one kind of DDI) occur when the concentration (drug exposure) of one drug is altered by the coadministration of another drug. DDIs can occur during absorption, distribution, metabolism, and/or excretion with involvement of numerous metabolizing enzymes and/or drug transporters. A patient's response to the administration of a drug is closely associated with concentration level at the sites of action and is usually related to the blood or tissue concentration (6) . DDIs can lead to a change in concentration and/or systemic exposure, resulting in variations in drug response of the coadministered drugs and may exacerbate the adverse events.
To better understand the importance of DDIs, we performed a study to evaluate the utility of pharmacokinetic DDI studies, embedded within phase I oncology trials, over a recent 5-year period (2007-2011) . We hypothesized that a study would have a low probability of demonstrating a DDI when a mechanistic basis is absent. The following information was collected and analyzed: rationale, study design, number of patients, number of sampling points, data analysis methods, sponsor, and authors' conclusions.
Materials and Methods
A literature search was performed in the PubMed library database using the search terms "antineoplastic combination pharmacokinetics phase-i" or "antineoplastic combined chemotherapy protocols/pharmacokinetics" (search date: April 6, 2012; subsequent cutoff time of inclusion was the end of 2011). We narrowed down our search by focusing on phase I clinical trial articles containing only two antineoplastic drugs. The exclusions in our search criteria included studies that lacked pharmacokinetic DDI evaluations, combinations between drug and other forms of therapy, or any clinical trial other than phase I. The following information was extracted: study design, preclinical rationale, number of patients and samples, results of pharmacokinetic DDI study (author's interpretation), statistical method, pharmacokinetic data analysis (noncompartmental vs. population method), and sponsor (data collection form is shown in Supplementary Table S1; data collected are shown in Supplementary Table S2 ). We defined a positive DDI as a change in area under the curve (or clearance) with a specified statistical method. If the author(s) clearly stated a rationale on the basis of previous studies, we defined this as positive author-stated rationale. If there was no mention of a rationale by the authors, regardless of whether there is known evidence, we have defined this as a negative authorstated rationale. To assess whether there was an objectively existing rationale (independent of the author's assessment), we used the Metabolism and Transport Drug Interaction Database (DIDB; http://www.druginteractioninfo.org/) from the University of Washington. Concomitant ingestion of dietary supplements, fruit juices, or therapeutic proteins was beyond the scope of this study. We used a Fisher exact test to evaluate the associations between the information collected and the DDI results.
Three of the authors (K. Wu, L. House, and J. Ram ırez) served as reviewers, with two authors assigned per article. If there was a discrepancy in interpretation between the two reviewers, a meeting was convened among all three reviewers to discuss and reach a conclusion about the article.
Results
We reviewed 152 articles specific to phase I combination (two drug) trials in oncology. The distribution of pharmacokinetic DDI results according to rationale is represented in Table 1A and B. We identified nine articles reporting a positive clinically relevant DDI with a purported pharmacokinetic mechanism (Table 2 ). There was a strong association between author-stated rationale and a reported interaction, as only 2% of studies without a rationale demonstrated a DDI, compared with 32% of studies with a rationale (Fisher exact test; P < 10 À6 ). A similar association was observed between the DDI results and objectively existing rationale (Fisher exact test; P ¼ 0.0003; Table 1 ).
Of the 152 articles, 22 studies (44%) were retrospectively determined to have an objectively existing rationale not noted by the authors (Table 1 ; 50 vs. 28).
The statistical method used to evaluate the DDI was also noted, as shown in Fig. 1 . Most studies (81 of 152) did not include a specific statistical method in their article. Twelve articles (8%) describe a change but failed to perform any formal statistical testing. Eighteen studies (12%) used the ANOVA, as approved by European Medicines Agency (EMEA) (7) . Twelve studies (8%) were evaluated with a nonparametric method (Mann-Whitney or Wilcoxon signed rank test). Thirteen (9%) studies used the confidence interval (CI) test. Only 29 (19%) articles reported the 90% or 95% CI, as recommended by the U.S. Food and Drug Administration (FDA; ref. 6 ). There was no association of the type of statistical analysis used by the primary investigators and the presence or absence of a detectable DDI.
We considered four types of study designs in DDI studies: randomized crossover, one-sequence crossover, parallel (6) , and historically controlled studies. One-sequence crossover design was the most common, accounting for 64% of the eligible articles. The second most common was a historically controlled design (27%), in which both drugs were given together and their pharmacokinetic parameters were compared with previous reported results of monotherapy. The average number of patients ranged from 20 to 27 for these four study designs. According to the Fisher exact test, the DDI results were independent of study design.
We also analyzed the impact of funding source on the probability of detecting a DDI. Although there was a slightly lower probability of a reported DDI for industry-funded Translational Relevance
Drug-drug interaction (DDI) studies may help in preventing adverse reactions. However, the utility of these studies may be low without a mechanistic basis. After conducting a literature review of pharmacokinetic DDI studies embedded within phase I oncology trials over a 5-year period, we found that most studies reported negative findings. We demonstrated a strong association between lack of mechanistic preclinical rationale and lack of interaction. Pharmacokinetic DDI studies should not be routinely performed in phase I trials with coadministered oncology drugs when there is no scientific justification. Table 2 . 
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Discussion
We reviewed 152 phase I combination (two drug) studies published from 2007 to 2011 to evaluate the utility of pharmacokinetic DDI studies. Our results demonstrate a direct correlation between preclinical pharmacokinetic rationale and detection of a DDI, suggesting that DDI studies should only be performed when there is a prespecified plausible hypothesis. When DDI studies were performed with a clear rationale, the probability of identifying a DDI increased from 8% to 32% (12/152 to 9/28; Table 1 ). Furthermore, we determined that statistical methods, study designs, and funding resources are unrelated to the DDI results. The overall impact and application of these findings can potentially expedite the new drug development process and can reduce costs benefiting both the industry and academic sectors. Moreover, patients will directly benefit from bypassing needless and intensive blood draws.
Recently, the FDA released a draft regulation for industry about drug interaction studies. FDA suggests using both in vitro and in vivo studies to evaluate the plausibility of drug interactions. Results from in vitro studies are suggested as a screening mechanism to determine if additional in vivo studies are necessary (6) . This draft guidance includes several decision trees to help in determining if an in vivo pharmacokinetic DDI study is indeed necessary. According to the decision trees, the interacting drug should be selected on the basis of the results of an in vitro experiment (pharmacokinetic mechanism-based rationale). For example, if the investigational drug is a substrate of an enzyme responsible for at least 25% of its systemic clearance, in vivo studies should be performed with a strong inhibitor/inducer to evaluate the interactions. The majority of articles included herein evaluated two drug combinations of therapeutic interest, rather than combinations hypothesized to have a DDI. Because of this issue, the vast majority (92%) did not identify a DDI. During our evaluation, we found three studies reporting a DDI, despite no prespecified rationale (Table 2 ). In particular, one study investigated the interaction between nilotinib and imatinib, in which a reduction in nilotinib clearance was observed (8) . This was likely attributed to an inhibition of CYP3A4-mediated metabolism of nilotinib by imatinib (9, 10) , an interaction that could really have been hypothesized as a rationale for the study.
We recommend following FDA guidance, using preclinical models to assess whether a DDI is plausible, and if so, incorporating appropriately designed pharmacokinetic studies into early clinical trials of the combination (6) . For example, the FDA recommends the use of basic, mechanistic static, and physiologic based pharmacokinetic models for predicting DDIs. Moreover, a Bayesian meta-analysis approach may improve efficiency by incorporating previously published pharmacokinetic and in vitro experimental data for both investigational and interacting drugs (11, 12) .
Only 19% of the studies evaluated herein used CIs to evaluate a change in pharmacokinetics. This is of concern, given that FDA recommends use of 90% CIs for the geometric mean ratio of the observations before and after the addition of the interacting drug. An ANOVA, together with CI, is acceptable to EMEA (7).
There were 3,663 patients enrolled in these 152 studies from 2007 to 2011 and approximately 70,000 pharmacokinetic samples were analyzed for an estimated total expense of approximately seven million dollars (on the basis of an estimated cost of $100 per sample for study initiation, sample collection, preanalytic processing, and analysis). It was determined that more than 75% of this expense could have been avoided, as there was no plausible rationale for a pharmacokinetic DDI. Furthermore, only 28 studies (18%) had a prespecified author-stated rationale, further suggesting that the majority of the expenses could have been bypassed. As noted in Materials and Methods, only phase I clinical trials that investigated the pharmacokinetic interaction between two antineoplastic drugs were evaluated in this study. We recognize that most patients with cancer take supplemental drugs, potentially altering the results of DDI studies. In addition, food has been shown to interact with a myriad of drugs. We understand that these variables could confound the results of DDI studies and represent a possible study limitation. Nevertheless, the importance and underlying finding of this study should not be overlooked. Because the number of two drug combinations is proportional to the square of the number of available drugs, there has been a very large increase in the number of two drug combinations tested in recent years. Although DDI studies are often performed in conjunction with such studies, these are often perfunctory studies without preclinical rationale. As shown by our results, the utility of these DDI studies is low, adding complexity and expense to early clinical trials without any meaningful results. Furthermore, such studies do not seem to be a regulatory requirement in the absence of scientific justification. This analysis demonstrates the importance of understanding the mechanism behind a DDI and the value to which this translates clinically.
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